Experiments in binary alloys demonstrate that metallic glasses exhibiting more plastic strain during homogeneous deformation tend to show lower global plasticity during inhomogeneous deformation. Testing of Cu-Zr binary alloys supports the hypothesis that the formation energy of a shear transformation zone, as extracted from the experimental data, is related to the homogeneous flow rate. We also report the microstructural aspects that control the global plasticity of metallic glasses in the light of structural disordering, softening, and shear localization. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3064920͔ Metallic glasses, in addition to being a promising material for a variety of practical applications, provides an excellent test bed for evaluating our understanding of deformation in amorphous solids generally. Like many amorphous materials, metallic glasses subjected to high stresses can either exhibit homogeneous or inhomogeneous mechanical response.
Metallic glasses, in addition to being a promising material for a variety of practical applications, provides an excellent test bed for evaluating our understanding of deformation in amorphous solids generally. Like many amorphous materials, metallic glasses subjected to high stresses can either exhibit homogeneous or inhomogeneous mechanical response. 1, 2 The latter mode of deformation is referred to as "strain localization" or "shear banding" and commonly observed at room temperature. The mode of deformation exhibited has a strong influence on whether the material behavior is classified as ductile or brittle 3 and determines the amount the material deforms prior to failure. Being able to vary the composition or preparation of such a material to alter these properties in a predictable way is an important practical goal that requires an improved understanding of the physics of amorphous solids.
Experiments in Cu-Zr and Cu-Hf systems have shown that the ductility varies systematically with composition in that the strain to failure is higher in alloys with lower packing densities. 4, 5 A different approach was taken recently by Lee et al. 6 in which bulk metallic glasses were loaded at stresses below those typically associated with inhomogeneous flow. At these stresses metallic glasses have typically been assumed to respond in a purely elastic manner at room temperature, but these experiments clearly result in a quantifiable amount of homogeneous plastic deformation and an absence of noticeable shear bands. The amount of homogeneous deformation was again observed to vary significantly with composition, although in this case the deformation was less pronounced in alloys with lower packing densities. 7, 8 This set of observation at first seems paradoxical since it means that alloys, which exhibit a higher degree of homogeneous deformation below yield, show a lower degree of ductility in a typical quasistatic compression test. In this study, we first examine the dependence of the degree of homogeneous deformation and plasticity on the atomic packing density in Cu-Zr alloys. These results are considered in the context of an effective temperature picture of the plastic dynamics of metallic glasses that seeks to quantify the evolution of the glass structure under stress. The experiments and theory taken together indicate that different aspects of the effective temperature dynamics control these two phenomena. The resulting picture provides important guidance as to which alloys should show pronounced homogeneous flow and which should show limited plasticity due to shear banding.
To investigate the structural disordering associated with the homogeneous deformation and its role on subsequent inhomogeneous deformation of metallic glasses, we selected two model alloys from the Cu-Zr binary system: Cu 50 Zr 50 and Cu 65 Zr 35 . These alloys exhibit a pronounced difference in their initial packing densities or atomic-scale packing structures 4, 5 and thus exhibit a clearly different structural evolution during plastic deformation. [4] [5] [6] [7] These alloy characteristics enable the investigation to focus on the effects exerted by the initial structures of these alloys on both homogeneous and inhomogeneous deformations.
Rod-shaped amorphous samples of Cu 50 Zr 50 and Cu 65 Zr 35 with a diameter of 1 mm were prepared using copper mold casting. Both samples were then machined to cylindrical rods with the dimensions of 1 mm diameter and 2 mm length. Prior to quasistatic compression tests, the samples were kept in elastostatic compression at room temperature for a prolonged period under a compression at the level of 90% of their flow stresses, which corresponds to 1.44 and 2.07 GPa, respectively. The relative changes in structural disorder created during the elastostatic compression were evaluated by differential scanning calorimetry ͑PerkinElmer DSC7, USA͒ with a heating rate of 40 K/min. The preloaded samples were then tested at room temperature under uniaxial compression at a strain rate of ϳ10 −4 s −1 to measure their flow behaviors. Figure 1 shows the typical strain-time responses of the two as-cast alloys recorded during the elastostatic compression at room temperature. The total strain during loading via the elastostatic compression consists of three components, Plastic strain associated with homogeneous deformation is known to induce structural disordering. A number of theories have sought to quantify the degree of structural disorder via the "free volume" or the "effective temperature." All of these theories seek to associate a single scalar quantity with the structural state of the glass, and the difference in terminology is not critical for our purposes here. More important is developing methods to measure this quantity, even indirectly, and to make predictions as to the glass structural evolution. In this work the degree of structural disordering is assessed indirectly by measuring changes in the relaxation heat during heating below the glass transition temperature. 9 As such, throughout this paper, we assume that the "relaxation heat" is a suitable means of quantifying the degree of structural disorder, i.e., the free volume or effective temperature. Figure 2͑a͒ shows the changes in the relaxation heat associated with homogeneous deformation measured as a function of preloading time. As can be seen in this result, homogeneous deformation promoted the creation of disorder, i.e., increases in relaxation heat in both samples. Each alloy seems to have its own maximum allowable disordered state, although this value may be weakly dependent on shear rate in important ways. 10, 11 We consider this disordered state to be similar to that of amorphous solids inside shear bands. However, the change in the relaxation heat was significantly different in that it is larger in Cu 65 Zr 35 , which exhibits higher packing density, 4 when compared to Cu 50 Zr 50 . At this point we consider the homogeneous deformation behavior shown in Fig. 1 . The rate of deformation during steady state homogeneous flow is much lower in the Cu 50 Zr 50 alloy, but the relaxation heat in both alloys appears to be similar at long times in Fig. 2 . To compare these alloy structures during flow we must consider the situation more carefully. In previous work simulating inhomogeneous flow, Shi et al. 12 used the following simplified constitutive expressions for an amorphous alloy when thermal effects are negligible:
Here pl is the plastic strain rate which is decomposed into two terms. The first term on the right-hand side ͑RHS͒ of Eq. ͑1͒ represents the number density of regions available for deformation, so-called shear transformation zones ͑STZs͒, and the second term denotes the rate of transition of these STZs. Here is the dedimensionalized effective temperature or free volume and s is the shear stress. The function f is undetermined here. Equation ͑2͒ represents the structural changes the material undergoes during deformation. The constant c is a parameter that acts as a specific heat and ϱ is a maximal disordering that can be induced by shear. Here we will ignore the stress dependence of ϱ which is the subject of Ref. 10, as it does not significantly alter our analysis. In steady state flow, the prefactor on the RHS of Eq. ͑1͒ approaches exp͑−1 / ϱ ͒. Since quantifying this value is critical for predicting flow rates at fixed stress, we are left with a puzzle of how to relate this value of ϱ to measurable physical quantities. In Ref. 12 it was observed that since this is the steady state value during the flow, we should expect that ϱ ϳ k B T g / E Z , where k B is Boltzmann's constant, T g is the glass transition temperature, and E Z is the energy required to create a local STZ where the material can deform. Assuming the latter energy scale does not change significantly across this range of alloy systems and involves breaking approximately two metallic bonds, we can estimate E Z ϳ 1-2 eV. Given the measured values of T g for the Cu 50 Zr 50 alloy, 676.5 K, and that of the Cu 65 Zr 35 alloy, 745.3 K, 4 we should expect a change of approximately one order of magnitude in the steady state flow rate in these two alloys, as observed in Fig. 1 . We can take the additional step of extracting the value of E Z from a collection of compositions between these values, as shown in Fig. 3 We now turn our attention to the apparently contradictory effect of alloy composition on the homogeneous and inhomogeneous deformations. The first indication we have regarding how these alloys differ is apparent in Fig. 2͑b͒ , which shows the compressive stress-strain curves of Cu 50 Zr 50 and Cu 65 Zr 35 in their as-cast and preloaded conditions. In the case of Cu 50 Zr 50 , the response of the preloaded sample was nearly the same as that of the as-cast one ͑ flow = 1.6 GPa, p = 5.3%͒. However, considerable changes in the mechanical response were noted in Cu 65 Zr 35 . After being held for 12 h under elastostatic compression, the flow stress decreased from 2.2 to 1.7 GPa, while the plastic strain increased from 0% to 5%. In view of the results in Fig. 2͑a͒ , the changes in the mechanical properties of the preloaded Cu 65 Zr 35 sample are thought to be due to the increased disordering during the elastostatic compression. After sufficient lapse of preloading, the stress-strain curves of the two samples both become similar. This is because the structural states of the two samples as evaluated by free volume are each approaching the similar values, ϱ .
To understand how the change in disordering shown in Fig. 2͑a͒ is related to the ductility, we need to relate this observation to the nucleation of a shear band. The shear band serves as the failure mode that terminates the ductile homogeneous deformation. As indicated by the earlier constitutive model of plastic deformation, 13 MD simulations, 14 and experiments, 4 a slight change in the structural state can have an enormous influence on the flow stress. This can lead to a structural instability we observe as a shear band. A recent analysis of this nonlinear instability has been performed in the context of the simulations presented in Ref. 12 and Eqs. ͑1͒ and ͑2͒ by Manning et al. 15 Here we consider one important result from this analysis in the light of our experiment. The analysis shows that the most important factor controlling the susceptibility of a material to this instability is the initial structural state of the amorphous solid. In particular, the more ordered ͑lower ͒ the material starts relative to the flowing steady state, where equals ϱ , the more likely the system will undergo an instability resulting in a shear band.
This result is supported by MD simulations that were conducted to examine the effect of the cooling rate on shear localization in metallic glasses. 16 It was observed that within a single alloy system, glasses produced with a higher packing density by slow quenching showed dramatic shear localization, whereas glasses with a lower packing density produced by fast quenching exhibited more evenly distributed plastic flow with smaller spacing between plastic events. In these simulations, the degree of this structural disordering, as revealed by quantifying the short range order, was significantly larger in the alloy that started in the more ordered state.
The aforementioned MD simulations and theoretical analysis suggest that shear localization is more intense in the more ordered alloy with higher packing density. By this argument, Cu 65 Zr 35 is more susceptible to shear banding because it undergoes higher degree of disordering ͓see Fig.  2͑a͔͒ and softening ͓see Fig. 2͑b͔͒ . Therefore, in the case of Cu 65 Zr 35 , a large difference in the flow stress exists between regions inside and outside the locally deformed areas, which promotes the formation of highly localized shear bands ͑see Fig. 3 in Ref. 12͒ and causes unrestricted propagation of these bands upon further loading. This postulate implicitly suggests that the plasticity of metallic glasses is closely related to how much more structurally stable the initial structure is relative to the most disordered state. This indicates that the susceptibility to shear localization can be assessed by the degree of structural changes that can be quantified by the difference in the relaxation heat between the initial and the most disordered state.
In view of the results obtained so far, we can better understand the apparent paradox that materials which show lower homogeneous flow rates when loaded at a stress below yield show higher ductility associated with inhomogeneous deformation when loaded in compression. It appears that these two processes are related to different aspects of the physics of deformation. Significant rates of homogeneous flow during elastostatic compression correlate with a relatively low energy for creating STZs relative to the disorder inherent in the glass structure, which corresponds to a high T g . Ductility in uniaxial compression, however, arises from the suppression of the shear banding instability associated with a lack of structural softening. 
